Many research activities have been carried out to develop a simple mechanism for grasping irregular object shapes using two-or three-fingered robot end effectors. The idea behind this work is to develop three-fingered intelligent grippers that are capable of sensing different factors like weight, effort required, compactness, robustness, and stability of the object held during the manipulations. In this paper, five different actuation mechanisms, namely, edge-cam-operated actuation mechanism, toggle-linkage-based actuation mechanism, wedge-cam-operated gripper, sliding slotted pin-ball joint arrangement, and rack-and-pinion-operated four-bar linkage mechanism, are introduced. The actuation and grasping force of the gripper are to be determined using the analytical approach (static force analysis). Finally, the effective intelligent gripper mechanism is identified based on grasping force for grasping 1 kg weight of a prespecified object.
Introduction
Grippers play an important role in robotic automation. It enables the general purpose robot to do specialized tasks. Recently, efforts are being made to develop multi-fingered grippers analogous to human hand. These kinds of grippers can find application in sociable robots and in developing artificial hand for handicapped people. However, the challenges involved in design, control, intelligence-related tactile sensing, miniaturization, and interfacing need to be tackled to realize human-like hand. In the literature related to grippers, the following are described: A 2-degree-offreedom (DOF) gripper for industrial manipulators is proposed to overcome the cycle time and energy consumption. 1 The dextrous robot gripper is designed and installed and also analog and digital electronics are installed in the sensor. 2 The gripper guidelines have been divided into two categories: those that help improve the throughput and those that increase the reliability. 3 A special robotic gripper is designed, which consists of actuator arrangement in series and parallel arrays in four major contributions. An algorithm is proposed to solve the biobjective problem and easily find the dimensions of link and joint angles. 4 A gripper is optimized for stable behavior. The gripper designed by tendon driven with three phalanges and geometric design helps grasp the object. 5 A four-bar and slider cam mechanism with a single-DOF finger is designed to grasp diverse object shapes. 6 A series of experiments using Barrett hand are proposed and it is equipped with the sensor to grasp a variety of even objects. 7 The force-based sensor robot gripper was fabricated. It proposed the linearity and sensitivity using a force sensor. 8 The single actuator hand has been designed to be of low cost and open source. It establishes the design of an adaptive four-fingered hand of three-dimensional (3D) printed components. 9 The system is able to grasp the unstructured object with the three-fingered robot hand. Visual perception is carried out to reduce the uncertainty of the object. The grasp synthesis algorithms are proposed for two-and three-finger planar grasps. 10 The universal jamming gripper is developed. Here the gripping force and filling materials are investigated experimentally. A force feedback mechanism can easily grasp and release the operation by a particular force. 11 A chuck clamping device is used for the pick and place purpose in industrial applications. It can withstand 23 kgf and can automatically align. 12 A multi-fingered telemanipulation system is developed. The human hand controls the three-fingered gripper and force feedback is provided by an exoskeleton. 13 An adaptive neuro-fuzzy inference strategy (ANFIS) controller was developed for neural networks to select a rule base for controlling input displacement of a flexible adaptive gripper to recognize and control objects in the field. 14 A two-fingered gripper topology is developed. It enhanced the primitive control of unknown size, shapes, and other particulars. 15 An algorithm is used to enable the robot to grasp the object in different environments such as office kitchen and dishwasher. 16 Modeling and simulation of a thermal bimorph microactuator were carried out using the CoventorWare software. The geometrical dimensions to the maximum temperature, current, maximum deflection, power consumption, and the effect of varying voltage were discussed. 17 An electrostatic actuation with intrinsic electro-adhesion is used to deform and grasp the object. Through this gripper, flat objects like paper can be grasped easily. 18 A three-fingered, 8-DOF hand is developed which has a grasping force of 100 N. Here a force magnification drive is introduced to maintain a large grasp without energy consumption. It increases the motion range of joints and reduces the palm size. 19 The electro-thermo-mechanical actuation using finite element simulation is designed and optimized. It can realize the movement of the gripping arms with the possibility of positioning and manipulation of the gripped objects. 20 The characteristic of the gripper is described here. The objective is used to capture the object by the agrobots. 21 Three articulated fingers driven by four direct current (DC) motors are designed. An under-actuated transmission is designed that allows keeping the number of motors as low as possible while achieving a self-adaptive grasp. 22 In this work, low-cost grippers with a single DOF are designed and analyzed. This paper is organized as follows: section ''Introduction'' reviews the literature related to various types of grippers. The gripping force required for grasping an object is determined in section ''Determination of gripping force.'' Section ''Conceptual design'' presents the conceptual design of actuation mechanisms for a single-DOF three-fingered gripper. In section ''Comparison and evaluation of actuation mechanisms,'' various designs are evaluated based on the index of merit such as mechanical advantage, weight, and compactness. The final section concludes with the major findings of this work.
Determination of gripping force
The first step in the design of the actuation mechanism is to estimate the gripping force required to realize the grasp. Generally, the gripping force required depends on the body weight, friction between the finger and object, geometry of the component, grasping location, speed of operation of the robot, and the acceleration and reacceleration of robots. In this study, it is assumed that the robot is moving slowly and the gripping force is determined. However, the factors due to robot dynamics can be easily incorporated in the formulation. In the following, the three different formulations for determining the gripping force are described.
Determination of the gripping force using the contact friction model Figure 1 shows the top view of the grasping of a spherical object using a three-fingered gripper. The finger forces are acting normal to the object surface at a 120degree interval. Coefficient of friction m is introduced between the object and finger contact. Figure 2 shows the free body diagram of this arrangement; the friction forces act perpendicular to the plane of the paper. The frictional forces are
For static equilibrium Assuming, F 1 = F 2 = F 3 = F g , the gripping force
where m can vary from 0 to 1 depending upon the contact surfaces. Here, the effects due to acceleration, deceleration, and direction of movement are not considered. However, these effects can be easily introduced in the formulation.
Determination of the gripping force by solving the six scalar equations
Here, the static equilibrium of the object in three dimensions is considered ( Figure 3 ). Figure 4 shows the action of various forces, namely, the gripping forces in the three directions and force due to object weight. For static equilibrium X F = 0 and X M = 0
The equations would result in six scalar equations
Now the number of force components to be determined are Fx 1 , Fx 2 , Fx 3 , Fy 1 , Fy 2 , Fy 3 , Fz 1 , Fz 2 , and Fz 3 (therefore there are nine unknowns and six equations and it cannot be solved).
In order to solve the unknown forces, it is assumed that one of the fingers exerts the force in ''y'' direction and at the top, resulting in and also it assumed that the other two fingers are acting sidewise and the forces in the ''x'' direction are equal and opposite resulting in Fx 2 = À Fx 3 Now there are six algebraic and six unknown equations and it is possible to get closed-form solution.
Determination of the gripping force using the vector approach
Here, the grasping of the object is considered as a case of three-force problem and solved ( Figure 5 ). For static equilibrium, the forces should be concurrent, and the resulting vector equations are
Let d 1 = d 2 = d 3 = r = d be the magnitude of position vectors in the direction of forces. The position vector in the direction of force F 1 is
The unit vector in the direction of force F 1 is 
Now, force F 1 can be expressed in vector form as
Now for equilibrium
The unknown forces F 1 , F 2 , and F 3 can be determined by solving the above equilibrium equations simultaneously. The direction cosines of the three forces are
Conceptual design
This is the fundamental step involved in the design process. Starting from aircraft design, design of automotives, computers of various models, instruments, various equipments, machines, mechanisms, and domestic appliances, conceptual design plays an important role. Corporate companies usually resort to brainstorming sessions to come out with innovative solutions. Generally, the customer spells out his requirement and sometimes the specifications and constraints. Using this meager information design is attempted. In this work, an attempt is made to evolve various mechanisms for a three-fingered gripper. Conceptual design of mechanisms can be carried out using certain synthesis tools available in the literature. The three steps involved in the synthesis procedure are the type synthesis, number synthesis, and dimensional synthesis. Type synthesis deals with the study of different mechanisms capable of exhibiting the same functional relationship and selecting an appropriate mechanism to perform the task effectively. For example, both cam follower and slider-crank mechanism can convert rotary motion into reciprocating motion and the selection of a particular mechanism depends on the nature of task. Number synthesis deals with the determination of the number of independent control inputs required to perform the task accompanied by determined motion. As it is a three-fingered gripper with simple opening and closing capability and all the fingers are to be closed or opened simultaneously, one control input is sufficient. Detailed dimensional synthesis is not attempted in this work. However, for the mechanisms, the dimensional details are obtained using the common guidelines, namely, the mechanical advantage, transmission angle, and minimum and maximum gripper opening required. In this research work, major effort is put into type synthesis. Five different mechanisms based on cam, linkage, worm and wheel, and slotted disk-ball slider arrangement are used as described below.
Cam-operated actuation mechanism
This mechanism consists of a motor, an edge cam, three fingers with a 120-degree angular spacing between them, and a finger retaining spring. The motor is connected to the cam. The cam rotation results in opening and closing of the gripper. Here the stroke length cannot be varied and hence objects of varying dimensions cannot be grasped (Figures 6 and 7) . 
Determination of force in cam mechanism
and F s is the spring force
Toggle-linkage-based actuation mechanism
It consists of a two-way two-position direction control valve, a cylindrical piston assembly, and toggle-based linkages which constitute the three fingers. Figure 8 shows the arrangement of the actuation mechanism.
Here the two-way two-position direction control valve is used to supply air from the compressor to the piston assembly in the suitable direction. The gripper is normally open and the supply of air results in closing of the gripper. The opening and closing lengths can be varied by regulating the air pressure and therefore used to grasp objects of varying dimensions. The gripper actuation can be either pneumatic or hydraulic (Figures 9 and 10) .
Determination of actuation force/pressure. Considering static equilibrium
From equation (10)
Substituting the above equation in equation (11), we obtain
Considering the equilibrium of the pin, we obtain
Substituting the value of F 3 in equation (12)
Wedge-cam-operated actuation mechanism
It consists of a wedge cam, linkages corresponding to the three fingers, and retaining springs. Forward and reverse movements of the cam make the gripper close and open, respectively. By controlling the movement of the cam, objects of varying dimensions can be grasped (Figure 11 ). Determination of actuation force. Figure 12 shows the free body diagram of a single finger. Taking moment about the hinge point
is the gripper force and Fs is the spring force
Actuation mechanism with slotted piston-ball joint arrangement Slotted piston-ball joint arrangement consists of a slotted piston, a ball joint, a linkage corresponding to the three fingers, and the actuation arrangement. Forward and reverse movements of the piston cause the balls to slide in the piston slot and make the gripper fingers to open and close, respectively. By controlling the slotted piston movement, objects of varying dimensions can be grasped ( Figure 13 ).
Determination of actuation force. Figure 14 shows the free body diagram of a single finger. Taking moment about the hinge point
Rack-and-pinion-actuated four-bar linkage mechanism
This mechanism consists of a linear motor, three racks placed circumferentially around a round bar, three pinions, and four-bar linkages corresponding to the three fingers. By moving the rack, the fingers can be opened and closed and objects of varying dimensions can be grasped by controlling the movement of the rack (Figure 15 ).
Determination of actuation force. Figure 16 shows the free body diagram of the coupler link. The static equilibrium equations are
From equation (13) Substituting the above equation in equation (7), we obtain
Consider link 2 in Figure 17 .
Taking moment about ''o,'' we obtain
This torque must be developed by the wheel (gear)
Comparison and evaluation of the actuation mechanisms
In this section, the various actuation mechanisms are compared based on actuation force, compactness, reliability, weight, ease of operation, and the ability to accommodate dimensional variations. Table 1 shows the comparison of the actuation mechanisms. To enable comparison, the actuation force required to effect 10 N gripping force is determined for various mechanisms. It is clear that the mechanisms designed with a good transmission angle and mechanical advantage require less effort to accomplish grasp. Mechanisms 2, 3, and 5 can be manufactured and assembled easily. Mechanism 4 involves the machining of slots and also the manufacture of ball joints and assembly. The main problem with this mechanism is likely to be the reliability of the ball joint; otherwise, the mechanism is a satisfactory one. Therefore, we conclude that, except the edge-camoperated mechanism, the remaining four mechanisms appear to be promising and can be considered for robotic applications.
Conclusion
In this paper, five different single-DOF gripper actuation mechanisms have been designed and analyzed. Initially, the gripping force required is determined using the contact friction model, by solving the six scalar equations corresponding to the static equilibrium condition in three dimensions, and using the vector approach. Next, five different actuation mechanisms are evolved to effect grasp. The actuation force, pressure, or torque required for various grippers is determined using static force analysis. Next, the grippers are evaluated based on the following criteria: effort required, weight, compactness, robustness, mechanical advantage, cost of operation, accuracy, capability of grasping objects of varying geometry and dimension, and manufacturing cost. For the edge-cam-operated mechanism, the actuation force required to effect grasp is found to be highest of all mechanisms. Furthermore, it cannot grasp objects of varying dimensions. Whenever there is a change in object dimension, the cam profile needs to be varied and is a difficult proposition. The toggle-linkage-based actuation mechanism requires less effort and can be pneumatically operated; dimensional variation in objects can be accommodated and therefore this mechanism promises to be a good candidate.
On the basis of actuation force, the wedge-camoperated robot gripper is rated the second best among all the mechanisms. Other advantages are being stroke adjustable, simple construction, and the use of any linear actuator. Hence, it is also a good candidate for the actuation mechanism.
The actuation mechanism with the sliding slotted disk-ball joint arrangement is found to require more actuation effort. In addition, the ball joint may not have a good reliability. Otherwise, it is stroke length adjustable (can grasp objects of various sizes), simple in construction, and pneumatic or hydraulic drive can be used. Therefore, we consider this mechanism a satisfactory one.
The rack-and-pinion-based actuation mechanism requires the least effort compared to all the other mechanisms and also it is stroke adjustable, simple in construction, and any linear actuator can be used for its operation. Therefore, we suggest that this mechanism is best suited for robot grippers. To conclude, except the first one, the remaining four actuation mechanisms are found to be promising and can be used in robots.
Shortly, physical models of the above mechanisms will be constructed and their effectiveness will be tested.
